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Abstract: Laser surface texturing (LST) has been proven to improve the tribological performance of machine
elements. The micro-scale patterns manufactured by LST may act as lubricant reservoirs, thus supplying oil
when encountering insufficient lubrication. However, not many studies have investigated the use of LST in the
boundary lubrication regime, likely due to concerns of higher contact stresses that can occur with the
increasing surface roughness. This study aims to examine the influence of LST on the fatigue lifetime of
thrust rolling bearings under boundary lubrication. A series of periodic patterns were produced on the
thrust rolling bearings, using two geometrically different designs, namely cross and dimple patterns. Base oil
ISO VG 100 mixed with 0.05 wt% P of zinc dialkyldithiophosphate (ZDDP) was supplied. The bearings with
cross patterns reduce the wear loss by two orders of magnitude. The patterns not only retain lubricant in the
textured pockets but also enhance the formation of an anti-wear tribofilm. The tribofilm generation may be
improved by the higher contact stresses that occur when using the textured surface. Therefore, in contrast to
the negative concerns, the ball bearings with cross patterns were instead found to increase the fatigue life by a
factor of three.
Keywords: thrust rolling bearing; laser surface texturing; direct laser interference patterning; zinc dialkyldithiophosphate (ZDDP); tribofilm
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Introduction

The occurrence of pitting failure often limits the lifetime
of machine components operating under rolling/sliding
contacts, such as bearings and gears. Rolling contact
fatigue (RCF) is initiated by micro-cracks, and the
growth of cracks eventually leads to surface pitting
and failures. Pitting failures can be categorized by the
location of the micro-cracks: either in the sub-surface
zone or on the surface of the material. Sub-surface
failures have become less frequent due to improvements
in steelworks, which has decreased the amount of

inclusions [1]. However, surface-initiated pitting, which
begins with cracks initiated by defects, wear debris,
or asperities on the surface, has caused a rising
percentage of failures in modern applications [2].
This is attributed to the lower thickness of oil film that
occurs when pursuing increased efficiency via reducing
lubricant viscosity or adopting higher machining power,
which makes the machine components operate in
severe lubrication conditions, namely the boundary
lubrication regime. Boundary lubrication is defined as
the regime with a small ratio of the oil film thickness to
the mean roughness value, and is mostly associated
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with a high load and a low sliding speed, where only
monolayers of a lubricant cover the interacting
surfaces [3, 4]. In principle, wear is unavoidable in
this lubrication regime, and wear debris can further
damage the surface, which promotes the initiation of
pitting [5]. Consequently, surface engineering and
anti-wear tribofilms are recommended, to enhance
wear resistance in boundary lubrication [6–9].
Novel methods of surface engineering, such as
laser surface texturing (LST), have been proven to be
beneficial for the tribological performance [10]. It is
suggested that LST provides positive contributions in
every lubrication condition, from the boundary to the
hydrodynamic regime [11, 12]. The unique topography
of the laser patterns can retain lubricants in the contact
zone, thus providing the necessary lubrication when
external supply is insufficient. In addition, the space
within patterns can trap harmful wear debris in the
valleys and prevent them from causing further damage
on the contacting surfaces [6]. Laboratory tests have
demonstrated promising improvements to tribological
performance. LST has been evaluated and shown to
decrease wear and friction in industrial applications
such as roller bearings [13], ball bearings [14], valves
[15], and pistons [16]. In case of conformal contacts,
many studies have highlighted positive results by
texturing with the area coverage between 10%‒30%.
In case of non-conformal contacts, smaller sizes and
shallower depths (around 1 μm or less) have led
to better performances [7]. Nevertheless, further
experimental results using LST are required to fully
determine the limitation and the applicability of LST.
Another approach to avoiding direct contact in the
boundary lubrication regime is to generate a protection
layer. The so-called anti-wear tribofilm is usually
produced by the introduction of certain lubricant
additives. Zinc dialkyldithiophosphate (ZDDP), which
is one of the most popular oil additives, was used
in this study. It has been shown that the presence of
the ZDDP tribofilm reduces wear [17–19]. The layer
is often described as an island-like thin-film, with a
thickness of around 100 nm and width from 0.5 to
several micrometers [8, 20]. The origin of the layer
formation is the energy input to the contact area [21],
driven by shear and temperature. Moreover, the growth
of the tribofilm is confirmed to be more efficient
when induced by tribological/shearing action [22].

Compared to the film generated only by temperature,
the shear-induced tribolayer is more stable and has
better wear resistance [17].
According to previous studies, the combined use
of LST and anti-wear tribofilm reduces sliding
induced damage [7, 23–26]. Rosenkranz et al. tested
and confirmed the enhancement of the frictional
performances on thrust roller bearings with dot
patterns [12, 13]. Hsu et al. have found a fully formed
ZDDP tribofilm at the topographical maximum of a
periodic laser pattern, indicating an enhancement of
the formation of ZDDP tribofilm by direct laser
interference patterning (DLIP) [27]. Furthermore, the
proven ability of surface protection by LST can further
reduce fatigue failures. As an illustration, the fatigue
lifetime of roller bearings under elastohydrodynamic
lubrication was increased by mechanical surface
texturing [28]. However, to the best of our knowledge,
there is still no fatigue study under boundary lubrication
considering laser textured samples. Therefore, this
study aims at evaluating the fatigue lifetime of laser
textured rolling bearings. Four different patterns
geometry designs were initially tested for performance
in terms of wear, and the best of these designs were
used for the subsequent fatigue tests. The results are
statistically analyzed by Weibull distribution. Finally,
the effect of the laser patterns on the contact pressure
distribution has been examined through contact
simulation models.

2
2.1

Experiments and methods
Laser surface texturing

Two geometrically different LST patterns were tested
in the present study: dimple and cross patterns.
Samples were cleaned by ethanol and isopropanol
before laser treatments. The surface preparation details
can be found in Table 1, and the schematic of the LST
pattern is shown in Fig. 1.
The dimple patterns with a depth of approximate
0.9 μm and a diameter of 30 μm were manufactured
by a Ti-sapphire femtosecond pulsed laser (Spitfire
Pro, Spectra Physics). The laser was applied with a
wavelength of 800 nm, a frequency of 1 kHz, and a
pulse duration of 150 fs. Each dimple was created
from one laser pulse by using a controlled shutter.
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Table 1 Experimental details of the patterns by laser surface
texturing.
Samples

Peak
energy
(J/cm2)

Dimple500

12.7

150 fs

Dimple

500

0.9

Dimple200

12.7

150 fs

Dimple

200

0.9

Cross9

1.2

10 ns

Cross

9

1.1

Cross30

1.2

10 ns

Cross

30

1.1

Pulse
Pattern Periodicity Height
duration
type
(µm)
(µm)

50/50 beam-splitter. Subsequently, the two sub-beams
were superposed onto the surface with a certain
incident angle, which creates the interference patterns.
The incident angle is used to control the periodic
distance of the line patterns. The cross pattern can be
finally produced by an additional laser shot at the
same position with a 90° of rotation. More details of
the DLIP setup can be found in the previous study
[29]. Furthermore, the surface topography was then
evaluated by using a white light interferometer (WLI,
Zygo NewView 7300).
2.2

Fig. 1 A schematic of the profile of the laser textured surface in
the lubricated contact condition; h shows the height from the valley
to top, d shows the diameter of the holes or the ditches, and p
shows the distance of the periodicity.

The applied energy fluence was measured as 12.7 J·cm-2.
The texturing position on the surface was manipulated
by a programmable x-y motion controller, which moves
the stage to the required position with a synchronized
link to the laser shutter. The periodic distance between
dimples was set as 200 and 500 μm. The parameters
have been proven for friction reduction under the
boundary lubrication regime [11]. It is noted that the
stepping resolution of the stage movement in the x
direction was limited, and this resulted in alternating
160 and 240 μm distances between dimples when
setting the periodicity as 200 μm. Nevertheless, the
average periodicity was measured as 200 μm.
Moreover, cross patterns were produced by DLIP,
which uses interference for LST. A Nd:YAG nanosecond
pulse laser (Quanta Ray Pro 290, Spectra Physics) was
used with a wavelength of 532 nm, a pulse frequency
of 10 Hz, and a pulse duration of 10 ns. The applied
energy fluence was measured as 1.2 J·cm-2. The
primary laser beam was split into two sub-beams by a
Table 2

Rolling bearing test rig

A test rig FE8 according to DIN51819-1 was used for
both an initial wear evaluation of all four textures
plus reference sample, and then for a fatigue lifetime
assessment of the best-performing textured sample
(that showed minimum wear). For the initial wear
tests, commercial thrust cylindrical roller bearings
(Type 81212) were installed with a horizontal axis
of rotation. The bearings are made of steel 100Cr6
(AISI 52100), and the roughness Ra of the washers
was measured as 0.06 μm. The LST patterns were
manufactured onto the surfaces of the bearing washers.
Base oil ISO VG 100 mixed with ZDDP as an additive
of C3C4-alkyl-chain with 0.05 wt% P was used in a 2
hours test; the load, rotational speed, and working
temperature were set as 80 kN, 20 rpm, and 60 °C,
respectively. The lubrication condition based on the
film thickness was calculated according to Dowson
et al. [30, 31]. The lambda values of the experiments
were between 0.04 and 0.12, indicating that all the
tests were conducted under boundary lubrication
conditions [32]. Further information on the experiments
can be found in Table 2. After the test, the surface was
rinsed with benzene and isopropanol to clean the
residual oil, abrasives, and contaminants. The wear
tracks were measured by WLI.
For the fatigue lifetime evaluation, thrust ball
bearings (Type 51212) were used in place of the roller
bearings. Despite the plane surface of the roller
bearings being more suitable for LST, ball bearings

Experimental details and lubricant properties of the tribological tests by using an FE8 test rig.
Experimental parameters

Oil properties at 60 °C

Rolling speed

Max. pressure

Temp.

Kinematic viscosity

Density

Pressure-viscosity coefficient

0.04 m/s

1.92 GPa

60 °C

38.3 mm2/s

869.1 kg/m3

1.82×10-8 Pa-1
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were chosen to avoid wear loss by shearing. The rolling
motion of the balls features only a small amount of
sliding (in comparison to the cylindrical rollers), and
thus minimizes abrasive and adhesive wear. This helps
ensure that the fatigue life would predominantly be
determined by pitting failure alone.
The same test rig and the same ZDDP-containing
oil were used. The test conditions were set as 80 kN,
750 rpm, and 90 °C, thus a significant increase in
rotational speed compared to the initial tests but
maintaining the same applied load. The tests were
stopped as soon as surface damage (either on a ball or
a washer) was detected by a vibration sensor. Further
information on the fatigue experiments can be found
in Table 3.
2.3 Contact simulation
The normal contact between each bearing surface
and a roller was modelled, using boundary elements,
to estimate the contact pressures and contact areas
for each different surface pattern. The analysis used a
3D surface profile of the textured and reference samples,
with a smooth cylindrical roller counterbody. The
model assumes a homogeneous half-space for each
surface and uses an iterative conjugate-gradient
method to obtain valid contact pressures for the
imposed loading [33].
A 3D profile of a section of the textured or reference
bearing surface was measured using WLI to provide
a representative surface for analysis of 640 × 480 nodes.
Since the measured surface area did not enclose the
full roller-washer contact, the measured surface was
expanded by mirroring and tiling the surface profile
data. This helps avoid edge effects at the ends of the
roller (or solution domain) while maintaining realistic
contact behavior. Results for the contact pressures
and contact area were subsequently obtained over
the original, as-measured profile only. The simulation
was restricted to an elastic analysis without any
plasticity considerations; whilst this does lead to
some excessive localized pressures, it does enable an
appropriate comparison of the extent of loading stresses
Table 3

without complications associated with the hardness
of the laser-modified surfaces.

3
3.1

Results and discussions
Morphology of the laser textured surfaces

The surface topography profiles of the LST patterns
are shown in Fig. 2, and the details of the profile are
listed in Table 1. The dimple patterns produced by
femtosecond pulsed laser are shown in Figs. 2(a) and
2(b). The dimples are distributed with a periodicity
of 500 and 200 μm, whereas the cross patterns are
shown in Figs. 2(c) and 2(d) with periodicity of 9 and
30 μm. The samples are subsequently referred to as
Dimple500, Dimple200, Cross9, and Cross30, respectively. Further, the profile is similar to a sine wave
with a height of approximately 1 μm. The roughness
parameters listed in Table 4 show an increase of surface
roughness by LST for all geometries. The patterns
with shorter periodic distance have greater values of
Sa and Sq. Since the LST structural height is larger than
the untextured roughness, the higher concentration
of patterns increases the mean roughness value, which
theoretically causes higher contact stress. However,
the capacity of lubricant storage may not be directly
obtained by the mean roughness values such as Sa.
Additional topographical parameters were thus
calculated to describe the ability of lubricant storage.
The bearing ratio curve, which is also known
as Abbott-Firestone curve, represents the height
distribution of the laser patterns in Fig. 3. The curves
of the dimple patterns (see Fig. 3(a)) have a similar
shape to the untextured reference surface, which
indicates a geometrical similarity. This is expected
because the surface is only modified at dimple locations
and most of the surface remains nearly unchanged.
However, the higher value at both ends represents a
larger volume near the topographical maximum and
minimum, caused by concentrated sharp edges of the
dimples. Therefore, shorter LST periodic distance
was associated with greater values of Spk and Svk. In
contrast, the bearing ratio curves of the cross patterns,

Experimental details and lubricant properties of the fatigue tests by FE8 test rig.
Experimental parameters

Rolling speed
1.53 m/s

Max. pressure
3.5 GPa

Oil properties at 90 °C
Temp.
90 °C

Kinematic viscosity
2

13.6 mm /s

Density

Pressure-viscosity coefficient
3

850.8 kg/m

1.50×10-8 Pa-1
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Fig. 2 Surface topography profiles of the LST patterns on the washers of bearings. The dimple pattern was made by femtosecond pulsed
laser with a periodicity of (a) 500 µm and (b) 200 µm; the cross pattern was made by DLIP with a periodicity of (c) 9 µm and (d) 30 µm.
Table 4

Roughness and bearing ratio parameters of the surface by laser surface texturing*.
Sa

Sq

Sk

Spk

Svk

Ap

Av

Reference

0.06

0.08

0.18

0.12

0.11

0.003

0.006

Dimple500

0.09

0.16

0.13

0.33

0.30

0.008

0.009

Dimple200

0.15

0.25

0.24

0.46

0.45

0.015

0.013

Cross9

0.32

0.39

1.04

0.28

0.20

0.008

0.008

Cross30

0.27

0.33

0.68

0.27

0.18

0.007

0.007

*All values are shown in µm.
Sa—Arithmetic average height; Sq—Root mean square deviation; Sk—Core roughness depth; Spk—Reduced peak height; Svk—Reduced
valley depth; Ap—Material volume in peak zone; Av—Void volume in valley zone.

shown in Fig. 3(b), indicate a clear difference to the
reference samples. The slopes are higher compared
to the dimples, indicating a larger topographical
variation over the total surface. Compared to the dimple
patterns, which were still similar to the reference
surface, the cross patterns had modified the surface
more significantly.
In Table 4, the dimple patterns present larger values
of Svk, the valley height of the profile, whereas the
cross patterns show greater values of Sk, the core
height of the profile. It has been suggested that the
Svk value extracted from a bearing ratio curve is a
suitable index of the ability for lubricant storage [34].
An increase of Svk indicates a larger valley area,
which provides space that acts as a reservoir. When
comparing only Svk values, the dimple patterns could

retain more lubricant than the cross samples. However,
when the overall geometry differs between the two
pattern types, the assessment of lubricant storage
should involve both Sk and Svk. Therefore, the possible
storage space within the core height Sk can be also
inlcuded. It is noted that the values of peak and
valley area, Av and Ap, show a similar tendency to the
Spk and Svk values.
3.2

Wear performances of LST samples

In Fig. 4, the mass and volume loss of the bearing
after testing is shown, revealing the extent of wear of
the bearings. The volume loss is an average value
obtained from WLI measurements. It can be seen
that all of the laser patterns showed less wear loss
than the untextured pristine specimens, which can be
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two orders of magnitude compared to all the other
samples. The reasons for this significant reduction
are presumably due to two points. Firstly, the surface
patterns act as lubricant reservoirs, which supports
lubrication when encountering starved situations. Both
types of patterns can retain lubricants in the valleys,
but the cross patterns have an increased capacity,
which was shown by the aforementioned bearing ratio
curve. Secondly, a fully-established ZDDP antiwear
tribofilm was observed on the Cross30 sample. The
tribofilm can be also found on Cross9 and Dimple200,
but the wear tracks were only partially covered by
the protecting tribofilm due to a higher wear rate, since
the antiwear mechanism is in a dynamic equilibrium
between chemical formation and mechanical removal
[8]. The tribofilm on Cross30 was identified completely
covering the contact area, indicating the growth rate
was sufficient to mitigate wear. More characterization
details have been published by Hsu et al. [27] in a
previous paper, which indicated that the formation of
tribofilm can be encouraged by the LST patterns. In
summary, the combination of lubricant retention and
tribofilm generation appears to reduce wear for all
textures but is most effective with the Cross30 pattern.

Fig. 3 The Abbott-Firestone curves of (a) the dimple patterns by
femtosecond pulsed laser with a periodicity of 200 and 500 µm;
(b) the cross patterns by DLIP with a periodicity of 9 and 30 µm.

Fig. 4 Wear measurement of the bearings after tribotests in
volume loss and mass loss.

attributed to the lubricant storage capability of the
textured surface. Only mild wear was measured on
sample Cross30, which indicates a significant wear
protection by LST.
The sample Cross30 has a wear reduction of

3.3 Contact simulation
To better understand the causes of the tribofilm
formation on the bearings, the pressure distribution
was analyzed by contact simulation. According to a
series of in-situ measuring experiments by Gosvami
et al. [22], the growth rate of tribofilm increases
five-fold when increasing the contact pressures from
3 to 5 GPa, and the formation rate will be saturated
above around 6.5 GPa. Consequently, each node from
the simulation results has been classified by pressure
value range. The parts of the contact area that
experience normal stress between 3 and 7 GPa are
expected to be suitable for the formation of the
protecting tribofilm.
The area of contact for the Dimple200 and Cross30
samples is shown in Fig. 5 and the overall contact area
coverage for all samples is represented in Fig. 6(a). In
Fig. 6(b), the proportion of the nodes that experience
contact pressures in the indicated ranges is presented.
The pressure distribution on the dimple patterns is
similar to the untextured reference, and higher stress
can be found surrounding the dimples. When the
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Fig. 5 The contact area of the bearing washers by the results of
the contact simulations of (a) the dimple pattern with the periodicity
of 200 µm and (b) the cross pattern with the periodicity of 30 µm.
The contact area is shown in green.

periodic interval decreases from 500 to 200 μm, the
total contact area decreases. The topographical spikes
observed around the dimples, which were caused by
the LST, lead to higher pressure spikes which affect
the full pressure distribution. This increase of contact
pressure can be identified by the shift of the histogram
chart to the right. The cross patterns are shown to
have more higher-pressure regions due to the overall
smaller contact area. Again, the shape of the histogram
chart shifts to the right, indicating a greater area with
high contact pressure. Compared to the dimples, the
cross patterns demonstrated a greater difference in
contact geometry with respect to the untextured
sample. With the cross patterns, the effect of pattern
geometry dominates over the surface roughness in
controlling the contact stress.

Fig. 6 The coverage of the contact area on the patterned surfaces
and the reference by BEM simulation (a), and the proportion of the
contact pressure within the contact area (b). (P: contact pressure
in GPa)

Despite the growth rate of tribofilm increasing when
the contact pressure is greater, higher contact stress
can also cause more wear. The pattern Cross9 has a
distinct peak showing a high percentage of nodes with
pressure greater than 9 GPa (see Fig. 6(b)). While both
of the cross patterns have higher contact pressure,
especially in the range between 5 to 7 GPa, the pressure
value of Cross9 was probably beyond the optimum
pressure range for ZDDP promotion, thus leading to
a higher wear rate. On the contrary, Cross30 enhanced
the formation of tribofilm with sufficient pressures,
but without the excessive pressures that would further
increase wear.
3.4

Fatigue lifetime evaluation

Following the results of the wear evaluation, the
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Cross30 textured sample was selected for the fatigue
lifetime experiments. Compared to the reference
(untextured) bearings, no macroscopic abrasive or
adhesive wear was observed on the wear track, and
only pitting cracks could be found, as shown in Fig. 7.
Fatigue damages occurred on either the washers or
the balls, and the contour of the laser patterns can still
be identified. A comparison of the fatigue lifetime by
using the Weibull distribution is shown in Fig. 8. The
Weibull slopes of the reference and Cross30 are similar,
being 1.3 and 1.37, respectively. Since the distributions
are parallel to each other, the damage mechanisms
for both surface types are identical. Compared to the
reference, the slope of Cross30 shifts to the right,
indicating an increase of fatigue lifetime by a factor
of three. Furthermore, the values were in accordance
with the slope expected for cases of RCF [2].
The use of LST in rolling element bearings is still
rare compared to other machine components, due to
concern about their potential detrimental effect on
RCF life [12]. It is evident that the increase of surface
roughness by LST (see Table 4) can lead to higher
contact stresses. However, the test results show no
negative effect on the fatigue lifetime of the ball

Fig. 8 Weibull distribution of the fatigue tests of the reference
and the Cross30 laser textured thrust rolling bearing.

bearings. In contrast to the concerns, the LST surfaces
achieved a significantly longer fatigue lifetime, and
with better wear protection. Therefore, the use of LST
in ball and roller bearings should be considered, with
the aid of further investigations into their use under
different operating conditions and geometries.
Although friction is generally one of the main factors
for the occurrence of RCF, there was no notable
difference between Cross30 and the reference, with
the values of friction coefficient being in the same
range for both cases. Accordingly, the longer RCF life
can be attributed to the enhancement of the anti-wear
tribofilm formation and the capacity of the textured
pockets that supplied sufficient lubrication.

4

Fig. 7 Pitting damage on Cross30 of the fatigue test (a), and an
enlargement (b). The pit occurred in the groove of a bearing washer
with a diameter of approximately 3 mm.

Conclusions

In summary, the LST patterns make the surface able
to retain lubricants within the contact, which ensures
sufficient lubrication under such high-load conditions.
Furthermore, the growth of the ZDDP tribofilm
promoted by LST prevents direct contact between
surfaces that reduce wear.
The conclusions for the tribological performance
based on the tests and simulations carried out are:
1) A three-fold increase in fatigue lifetime was
demonstrated for the laser textured thrust rolling
bearings with cross periodic patterns. This is attributed
to the ability of the LST patterns to retain lubricants
within the contact, which ensures sufficient lubrication
under such high-load conditions, combined with
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the enhanced formation of the ZDDP tribofilm that
prevents direct contact between surfaces. LST has
been proven to reduce wear of roller bearings in the
boundary lubrication regime.
2) Geometry and area density of the laser patterns
alter the tribological performances. A higher area
density of the patterns leads to a higher roughness,
and thus higher contact stresses. Both the Sk and Svk
parameters of the Abbott-Firestone curve (rather than
Svk alone) should be involved for assessing the ability
for lubricant storage when the geometry of the LST
patterns is different.
3) An increase of the contact pressure enhances the
formation of ZDDP tribofilm on the cross patterns.
However, high LST area density led to excessively
high contact stress at the texture peaks, negating the
beneficial effect and causing a higher wear rate.
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